We present total and final-state resolved charge transfer (CT) rate coefficients for low-charge Ge, Se, Br, Kr, Rb, and Xe ions reacting with neutral hydrogen over the temperature range 10 2 -10 6 K. Each of these elements has been detected in ionized astrophysical nebulae, particularly planetary nebulae. CT rate coefficients are a key ingredient for the ionization equilibrium solutions needed to determine total elemental abundances from those of the observed ions. A multi-channel Landau Zener approach was used to compute rate coefficients for projectile ions with charges q = 2-5, and for singly-charged ions the Demkov approximation was utilized. Our results for five-times ionized species are lower limits, due to the incompleteness of level energies in the NIST database. In addition, we computed rate coefficients for charge transfer ionization reactions between the neutral species of the above six elements and ionized hydrogen. The resulting total and state-resolved CT rate coefficients are tabulated and available at the CDS. In tandem with our concurrent investigations of other important atomic processes in photoionized nebulae, this work will enable robust investigations of neutron-capture element abundances and nucleosynthesis via nebular spectroscopy.
Introduction
The detection of n-capture elements (atomic number Z > 30) in ionized astrophysical nebulae has underscored the need for atomic data required to accurately solve for the ionization equilibrium of these species. Trans-iron element emission lines have been detected in objects ranging from planetary nebulae (e.g., Zhang et al. 2005; Sharpee et al. 2007; Sterling et al. 2007; Sterling & Dinerstein 2008; Sterling et al. 2009; Otsuka et al. 2010 Otsuka et al. , 2011 to H II regions (e.g., Baldwin et al. 2000; Blum & McGregor 2008, and references therein) , and the interstellar medium of other galaxies (Vanzi et al. 2008) . Determinations of their abundances have important implications for the production and chemical evolution of n-capture nuclides in the Universe (e.g., Busso et al. 1999; Sneden et al. 2008; Sterling & Dinerstein 2008) . Se, Kr, and Xe are the most widely detected n-capture elements in ionized nebulae (e.g, Dinerstein 2001; Sharpee et al. 2007; Sterling & Dinerstein 2008; Sterling et al. 2009 ), but other trans-iron elements have also been detected in nebular spectra, including Ge (Sterling et al. 2002; Sterling & Dinerstein 2003) , Br, and Rb (Péquignot & Baluteau 1994; Zhang et al. 2005; Sharpee et al. 2007; Sterling et al. 2009 ).
Due to the limited number of detectable n-capture element ions in individual nebulae, it is necessary to convert abundances of the observed ions to elemental abundances by correcting for unobserved ionization stages. Numerical simulations of ionized nebulae present a robust and accurate method of deriving such ⋆ NSF Astronomy and Astrophysics Postdoctoral Fellow ionization corrections, provided that accurate data for atomic processes affecting the ionization equilibrium of the modeled elements are available. Since n-capture element emission lines have been detected primarily in photoionized nebulae, the most important atomic data required for ionization balance determinations are photoionization cross sections and rate coefficients for radiative recombination, dielectronic recombination, and charge transfer (CT). Unfortunately, these data are poorly if at all known for ions of trans-iron elements.
This paper is the third in a series presenting theoretical atomic data determinations relevant to nebular ionization balance solutions for low-charge n-capture element ions. In the first two (Sterling & Witthoeft 2011; , we furnished multi-configuration Breit-Pauli distorted-wave photoionization cross sections and radiative and dielectronic recombination rate coefficients for Se and Kr ions.
To address the need for CT data for low-charge ions of ncapture elements, we present calculations based on the LandauZener (LZ) and Demkov approximations. We consider reactions of the form X q+ + H ⇋ X (q−1)+ + H + + ∆E,
with q = 1-5 and X = Ge, Se, Br, Kr, Rb, and Xe. The forward reaction, CT recombination (in terms of the projectile X q+ ), is exothermic for these elements when q ≥ 2, and the reverse reaction for multiply-charged systems is generally unimportant at the temperatures of photoionized nebulae (near 10 4 K). On the other hand, of these elements only Kr has a higher ionization potential than H, and hence CT recombination is endoergic for singly-ionized Ge, Se, Br, Rb, and Xe. We therefore provide rate coefficients for both CT recombination of singly-charged ions and CT ionization of neutral species.
Our LZ calculations are multi-channel, in the sense that several exit channels for the X (q−1)+ system are simultaneously considered. This avoids the problem of overestimating cross sections when adding two-channel cross sections of the same molecular symmetry (Butler & Dalgarno 1980b; Kingdon 1995) . For singly-ionized atoms, CT usually cannot be treated in the LZ approximation, and hence we utilize the Demkov approximation to determine rate coefficients for those systems.
LZ calculations are generally accurate to within a factor of three for systems (and final channels) with large rate coefficients ( 10 −9 cm 3 s −1 ; Butler & Dalgarno 1980b; Kingdon & Ferland 1996) , but can be less accurate when the rate coefficient is small (though in that case, CT often is much less important than radiative and dielectronic recombination). The quantum mechanical molecular-orbital close-coupling (QMOCC) approach (e.g., Kimura & Lane 1989; Zygelman et al. 1992; Wang et al. 2004) is the most accurate theoretical method for determining CT rate coefficients at the temperatures of interest. However, given the time-and computationally-intensive nature of such calculations, we have chosen to first render LZ calculations for these systems. We will test the sensitivity of abundance determinations to uncertainties in the CT rate coefficients (assumed to be roughly a factor of three) through numerical simulations of ionized nebulae. Those systems which are most critical for ionization equilibrium solutions are targets for further investigation with QMOCC methods.
The structure of this paper is as follows. In Sect. 2, we discuss the details and methodology of our calculations. We present the resulting total and final-state resolved CT rate coefficients in Sect. 3, and summarize our investigation in Sect. 4.
Calculations and methodology

Multi-channel Landau Zener calculations
For projectiles with charge q = 2-5, we compute CT rate coefficients in the multi-channel Landau-Zener (MCLZ) approximation, based on the formalism of Butler & Dalgarno (1980b) and Janev et al. (1983) with the low-energy modifications of Chang & Pritchard (1979) .
While CT is a quasi-molecular problem, the basic details of the interaction can be understood from consideration of the initial channel (in which both the projectile X q+ and target H are assumed to be in their ground states), the final channels (which can include ground and excited states of X (q−1)+ ), and the interaction between them. As the atoms approach each other, if the ionization potential of X (q−1)+ exceeds that of H (as is the case for q = 2-5 for all elements we consider), CT is exoergic and the diabatic potential curves can cross at an internuclear distance R x . The CT reaction is usually driven by a radial coupling that connects initial and final channels corresponding to the same molecular symmetry of XH q+ . Adiabatic potential curves of molecular states with the same symmetry cannot cross, and R x corresponds to the radius at which the adiabatic potentials most closely approach (the "avoided crossing" distance).
In the LZ approximation, charge exchange is assumed to be localized at the internuclear distance R x , with the probability of exchange given by 2p(1 − p), where p = e −w and
In this equation, v is the relative radial velocity of the projectile and target, H 11 and H 22 are the incoming and outgoing diabatic potentials, and ∆U(R x ) is the separation of the adiabatic potentials at R x . The cross section at energy E is
where λ = [H 11 (∞) − H 11 (R x )]/E i (Butler & Dalgarno 1980b ). The approach probability p 0 is determined from the orbital and spin angular momenta of the initial and final states, which can form g i f = (2L i + 1)(2S i + 1)(2L f + 1)(2S f + 1) molecular states, and the spin S and orbital angular momentum projection quantum number Λ ′ of the molecular state (Herzberg 1952; Dalgarno et al. 1990 ):
The above describes a two-channel LZ interaction. In MCLZ calculations, several capture channels are considered simultaneously, each with a unique value of R x , as the projectile approaches the target. In this case, for N final channels the probability for capture into a state n is given by (Janev et al. 1983 )
LZ calculations require estimates of the incoming and outgoing potentials, the avoided crossing distance R x , and the energy separation of the adiabatic potentials at R x . We use approximations for these quantities from Butler & Dalgarno (1980b) as follows. In atomic units, 1 the incoming potential is
where α H is the polarizability of H, q the charge of the projectile, R the internuclear distance, and ζ is the exponent of a single orbital wavefunction (−1.0 for H targets). Typically set to 25, A was reduced in some cases to yield physically reasonable behavior in the potential, which occasionally was spurious in the repulsive core (this generally only occurs when R x 4.5-5 a 0 , in which case the rate coefficient is usually small at photoionized plasma temperatures). The outgoing potential is given by
where ∆E = IP(X q+ ) -IP(H) -E exc is the energy defect, IP is the ionization potential of the indicated system, and E exc is the excitation energy of the final X (q−1)+ state. The avoided crossing distances R x are determined by equating Equations 6 and 7. In Fig. 1 , we illustrate the diabatic potentials and R x values for the final channels of the case X q+ = Kr 3+ . Note that we ignore fine structure in our calculations.
The final piece of necessary information, ∆U(R x ), is perhaps the greatest uncertainty in LZ calculations, as the formula provided by Butler & Dalgarno (1980b) is an empirical fit to a small number of quantal calculations. The value of ∆U(R x ) depends on whether the electron capture process is Type I (the H 1s electron is transferred without affecting the core electrons of the projectile) or Type II (electron capture is accompanied by the excitation 2 4p 3 core). The intersections of the incoming and outgoing potentials correspond to the avoided crossing distances R x for each exit channel. The potential energies are shifted by taking H 11 (∞) = 0. of a core electron). The formulae of Butler & Dalgarno (1980b) for these two scenarios are:
where β = 2IP(H) = 1.0 in atomic units. The potential for Type II reactions is reduced relative to their Type I counterparts due to the rearrangement of the core electrons. Once the quantities H 11 , H 22 , R x , and ∆U(R x ) are determined, then the cross section for each final channel can be determined from Equation 3, as illustrated for X q+ = Kr 3+ in Fig. 2 . These are integrated over a Maxwellian velocity distribution to derive final-state resolved rate coefficients.
Demkov calculations
In the case of singly-charged ions (q = 1 in Equation 1), the LZ approximation cannot be applied since the final channels do not have Coulomb potentials (hence there are no avoided crossings). The reaction proceeds through radial coupling connecting molecular states with the same symmetry as in the LZ calculations, but the coupling is not localized and can be represented with an exponential form. This type of interaction can be described by the Demkov approximation (Demkov 1964; Olson 1972; Swartz 1994) .
The reaction is assumed to occur at an interaction distance that we label R x due to its analogous nature to the avoided crossing distance in LZ calculations. R x is given by equating ∆U(R) with (Swartz 1994 )
For the potential H 11 (X + H + ), the polarizability term (see Equation 6) should include a quadrupole term in addition to the dipole polarizability if X is not an S ground term (Gentry & Giese 1977) :
To determine ∆H(R) for each element, static average electric dipole polarizabilities were taken from Lide (2002) and quadrupole matrix elements from Tables 2 and 3 of  Froese Fischer (1977) . The transition probability for the reaction is p = e −w with (Demkov 1964; Swartz 1994) 
where h is Planck's constant and α is the polarizability of the neutral species X. Defining
the cross section at energy E is
We compute two-channel cross sections, which can be added to determine the total cross section. While this addition can lead to overestimated total cross sections (see Sect. 2.1), only Se and Br have more than one exoergic final channel, and their cross sections are typically small in the relevant temperature range. As for the MCLZ calculations, the cross sections are integrated over a Maxwellian velocity distribution to derive rate coefficients.
Results
In Table 1, 2 we provide information for the exit channels of our MCLZ and Demkov calculations, including energy defects ∆E, avoided crossing distances (or interaction distances, for singlycharged ions) R x , and the energy separation ∆U of the adiabatic curves at R x . These parameters were used to compute the CT cross section for each final channel. In addition, we list the molecular symmetries common to the initial and final channels and whether the reaction is Type I or Type II. When a final state can connect to the initial state via more than one molecular symmetry, the cross sections for each symmetry were added to determine the state-specific cross section. The state-resolved cross sections were added to determine the total CT cross section, and rate coefficients determined by integrating over a Maxwellian velocity distribution.
The total CT recombination rate coefficients of each ion are given in Table 2 as functions of temperature, and are illustrated in Figure 3 . We note that for q = 5, highly-excited Rydberg states can be favorable exit channels, but the reported level energies in NIST for X 4+ ions are incomplete at those energies. Thus, CT into those highly-excited states could not be computed, and as a result the rate coefficients for q = 5 are lower limits. As seen in Fig. 3 , the computed q = 5 rate coefficients are smaller than those for q = 4 with the exception of Ge 5+ . Since CT rate coefficients generally increase with charge for q ≥ 3, we recommend that q = 4 CT rate coefficients be used as rough estimates for Se, Br, Kr, Rb, and Xe q ≥ 5 ions.
When the radial coupling CT rate coefficient from our MCLZ and Demkov calculations is sufficiently small, CT can proceed via other coupling mechanisms. Two such examples are radiative CT and spin-orbit (SO) coupling. For radiative CT, the canonical rate coefficient is taken to be 10 −14 cm 3 s −1 (Butler et al. 1977 ). This value is uncertain by at least an order of magnitude (Butler et al. 1977; Stancil & Zygelman 1996) , but given the small rate coefficient, CT is unlikely to be an important recombination mechanism compared to radiative or dielectronic recombination when radiative CT dominates radial coupling. The rate coefficients listed in the tables are the maximum of the radially-coupled and radiative CT rate coefficients (thus, all values of 1.00E-14 indicate that radiative CT dominates radially-coupled CT). For some exit channels, radiative CT dominates radial coupling at all temperatures from 10 2 -10 6 K. States with such small rate coefficients tend to be associated with small or large avoided crossing distances (R x 5, R x 15-20 a 0 ). For some singly-and doubly-charged ions, the only exothermic exit channel(s) has a very small rate coefficient dominated by radiative CT.
Spin-orbit coupling is not as well understood as the radial or radiative mechanisms. Rate coefficients for SO-coupled CT reactions can range from 10 −17 -10 −12 cm 3 s −1 (Butler & Dalgarno 1979 , 1980a Pradhan & Dalgarno 1994; Stancil 2001) , though detailed calculations are very few and to our knowledge exist only for singly-charged ions. Because of this, we consider SO coupling only for CT recombination of singly-charged ions and CT ionization of neutral species. For small radial coupling CT rate coefficients (≤ 10 −12 cm 3 s −1 ), we adopt 10 −12 cm 3 s −1 , which is the largest computed rate coefficient for SO coupling (Pradhan & Dalgarno 1994) , as an upper limit to the rate coefficient. This estimate provides a much smaller, but more robust upper limit than estimates based on the Langevin model (Stancil 2001) .
However, SO coupling is not relevant for all of the singlyionized species we consider, since it only connects initial and final states of different molecular symmetries for which radial and rotational coupling are forbidden. For CT recombination of Rb + (and the reverse reaction), the entrance and exit channels correspond to 2 Σ + molecular states, and SO coupling therefore Fig. 3 . Total rate coefficients for CT recombination of X + (dashdot-dot-dot-dash curves), X 2+ (dash-dot-dash curves), X 3+ (dotted curves), X 4+ (solid curves), and X 5+ (dashed curves), where X is the element indicated in each panel. The q = 5 rate coefficients are lower limits due to incomplete experimental energy level measurements. Note that the Rb + rate coefficient is below 10 −14 cm 3 s −1 over the plotted temperature range.
plays no role. In the case of Kr + and Xe + , for which there is only one exothermic exit channel, the diabatic potentials for the triplet exit channels do not cross the potential curve of the singlet entrance channel, and hence SO coupling is unlikely to be important for these reactions. We therefore adopt the SO coupling upper limit to the rate coefficients only for singly-ionized Ge, Se, and Br.
CT ionization is exothermic for the neutrals of the elements we consider, with the exception of Kr. We provide rate coefficients for these systems in Table 3 , and depict them in Figure 4 . As for CT recombination, we adopt the largest of the rate coefficients associated with the radial, radiative, and (when important) SO mechanisms.
The CT recombination rate coefficients for singly-ionized species were computed from the CT ionization rate coefficients via detailed balance:
where α rec,ion are the rate coefficients for CT recombination and ionization, respectively, p 0,rec,ion are the approach probabilities corresponding to the molecular symmetries involved in the recombination and ionization reactions, ∆E ∞ is the asymptotic 1.01E-12 1.01E-12 1.01E-12 1.01E-12 1.01E-12 1.01E-12 1.01E-12 1.01E-12 1.01E-12 1.01E-12 1.01E-12 1.01E-12 1.01E-12 1.01E-12 1.01E-12 1.01E-12 1.01E-12 1.18E-12 2.32E-12 5.83E-12 Se 0 1.01E-12 1.01E-12 1.01E-12 1.01E-12 1.01E-12 1.01E-12 1.01E-12 1.01E-12 1.01E-12 1.02E-12 1.04E-12 1.86E-12 1.24E-11 4.24E-11 9.51E-11 1.71E-10 8.41E-10 3.11E-09 6.00E-09 9.19E-09 Br 0 1.01E-12 1.01E-12 1.01E-12 1.02E-12 1.04E-12 1.09E-12 2.37E-12 1.48E-11 4.42E-11 9.07E-11 1.52E-10 6.28E-10 1.98E-09 3.51E-09 5.05E-09 6.58E-09 1.36E-08 2.50E-08 3.45E-08 4.29E-08 Kr 0 3.62E-45 1.80E-31 1.42E-23 1.62E-20 8.27E-19 1.09E-17 4.93E-15 3.27E-13 2.14E-12 6.70E-12 1.48E-11 1.17E-10 5.70E-10 1.22E-09 1.96E-09 2.75E-09 6.81E-09 1.41E-08 2.04E-08 2.59E-08 Rb 0 1.00E-14 1.00E-14 1.00E-14 1.00E-14 1.00E-14 1.00E-14 1.00E-14 1.00E-14 1.00E-14 1.00E-14 1.00E-14 1.00E-14 1.00E-14 1.00E-14 1.00E-14 1.00E-14 1.00E-14 1.00E-14 1.01E-14 1.12E-14 Xe 0 1.00E-14 1.00E-14 1.00E-14 1.00E-14 1.00E-14 1.00E-14 1.00E-14 1.04E-14 1.48E-14 3.34E-14 8.32E-14 1.60E-12 1.91E-11 6.51E-11 1.42E-10 2.49E-10 1.13E-09 3.78E-09 6.84E-09 9.99E-09
Notes. For Ge, Se, and Br, the spin-orbit coupling rate coefficient found for Cl + , 10 −12 cm 3 s −1 (Pradhan & Dalgarno 1994) , is adopted as an upper limit when the rate from radial coupling falls below that value. SO coupling is not relevant for CT reactions involving neutral Kr, Rb, and Xe, and hence we set the rate coefficient to the canonical radiative CT rate (10 −14 cm 3 s −1 ; Butler et al. 1977 ) when the radial coupling rate coefficient is smaller than that value. Note that radiative CT does not occur for the endoergic reaction Kr 0 + H + → Kr + + H + δE. energy defect, and k B the Boltzmann constant. We note that Equation 15 was applied only to state-resolved rate coefficients. In the case of Kr, for which CT recombination of singly-charged ions is exothermic, the CT ionization rate coefficients were computed in an analogous manner. For neutral Kr, the energy defect is very small (corresponding to 4 700 K), and hence the CT ionization reaction can operate efficiently in photoionized nebulae. CT recombination of singly-charged ions is less important at photoionized temperatures for the other elements (see Fig. 3 ), as the lowest energy defect is that of Xe (corresponding to 17 000 K). State-resolved rate coefficients are important for understanding the emission line spectra of photoionized nebulae, since CT populates excited states from which emission lines can be measured (e.g., Kingdon & Ferland 1996) . We therefore provide final-state resolved rate coefficients for CT recombination in Table 4 and for CT ionization in Table 5 (both available at the CDS).
The derived abundances of Se and Kr have explicitly been shown to be sensitive to uncertainties in CT rate coefficients (Sterling et al. 2007) , and other trans-iron elements are expected to be similarly sensitive. Unfortunately, it is not possible to ascertain robust uncertainties for CT rate coefficients computed with the LZ or Demkov approximations without accompanying QMOCC calculations. Butler & Dalgarno (1980b) found that their LZ rate coefficients agreed with quantal calculations to within a factor of three for ions of light elements with large CT rate coefficients, but that the disagreement could exceed an order of magnitude in the case of systems with small rate coefficients. No such comparison is possible for the heavy ions we have investigated, since QMOCC computations are not available for any of these systems. Our forthcoming study of the sensitivity of ncapture abundance determinations to atomic data uncertainties, using Monte Carlo simulations with photoionization modeling codes, will help to identify the ions that most urgently require QMOCC determinations of CT rate coefficients.
Summary
We have presented CT recombination rate coefficients for the first five ionization stages of the n-capture elements Ge, Se, Br, Kr, Rb, and Xe reacting with neutral hydrogen. A multichannel Landau-Zener approach was employed for multiplycharged ions, while the Demkov approximation was used for singly-charged species. We note that the computed rate coefficients for q = 5 are lower limits, due to the incompleteness of energy listings in the NIST database. Because of that, we recommend that the four-times ionized recombination rate coefficients be used for q ≥ 5, with the exception of Ge 5+ . For reactions between the neutral species of these elements and H + , we computed CT ionization rate coefficients. Total rate coefficients are given over the range of temperatures 10 2 -10 6 K in Tables 2 and 3 , while final-state resolved rate coefficients are presented in Tables 4 and 5 (available at  the CDS) . In addition, all rate coefficients can be obtained at http://www.pa.msu.edu/astro/atomicdata/charge transfer/. In tandem with our concurrent investigations into the photoionization and radiative and dielectronic recombination properties of n-capture elements (e.g., Sterling & Witthoeft 2011; , these CT rate coefficient determinations will enable the abundances of n-capture elements to be reliably determined in ionized astrophysical nebulae. Such studies bear significant implications for n-capture nucleosynthesis, the structure and internal mixing of evolved stars, and the chemical evolution of transiron elements in the Universe.
N. C. Sterling 1 and P. C. Stancil 2 : Atomic data for neutron-capture elements Table 2 . Total charge transfer recombination rate coefficients (cm 3 s −1 ) for the reactions X q+ + H → X (q−1)+ + H + + δE. Each listed rate coefficient is the largest of the radially-coupled CT rate coefficient from our MCLZ and Demkov calculations and the canonical radiative CT rate coefficient 10 −14 cm 3 s −1 (Butler et al. 1977; Stancil & Zygelman 1996) . Note that radiative CT does not occur for endoergic reactions. 6.92E-13 7.29E-13 7.31E-13 7.14E-13 6.98E-13 6.85E-13 6.55E-13 6.34E-13 6.19E-13 6.10E-13 6.05E-13 5.96E-13 5.92E-13 5.90E-13 5.90E-13 5.90E-13 5.91E-13 5.93E-13 6.06E-13 6.51E-13 Se 4+ 6.15E-10 5.96E-10 5.98E-10 6.29E-10 6.72E-10 7.23E-10 1. 3.70E-10 3.90E-10 4.00E-10 3.98E-10 3.94E-10 3.89E-10 3.73E-10 3.59E-10 3.54E-10 3.53E-10 3.53E-10 3.61E-10 4.04E-10 4.79E-10 5.82E-10 7. Table 1 . Details of MCLZ and Demkov calculations, including exit channels, molecular symmetries, energy defects ∆E, avoided crossing or interaction distances R x , and the energy separations of the adiabatic potentials ∆U(R x ). The molecular symmetries of each entrance channel is given in parentheses after the reaction. 
